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A fuel cell 



Field of the invention 

This invention relates to a fuel cell and more particularly the invention relates to an 
intermediate temperature fuel cell. 

The present invention is also relevant to catalysts and membrane reactors, such as 
hydrogen generator and penetration devices. 

Furthermore, the invention is also relevant to devices for treatment of hazardous 
gases, such as desulphurisation, and waste chlorine treatment etc. 

Background of the mvenriqg 

A fuel cell is an electrochemical cell which can continuously convert chemical en- 
ergy of a fuel and an oxidant to electrical energy by a process involving an essen- 
tially invariant electrode-electrolyte system. Fiiel cells Work at high efficiency with 
emission levels far below the most strict standards. Fuel cell systems have the ad- 
vantage of being modular, therefore they can be built in a wide range of power re- 
quirements, from a few hundred watts up to megawatts. 

The basic principles of a fuel cell are those of well known electrochemical batteries. 
The difference is that in the case of batteries, the chemical energy is stored in sub- 
stances located inside them. When this energy is converted to electrical energy, the 
battery must be thrown away (primary batteries) or recharged (secondary batteries). 
In a fuel cell, the chemical energy is provided by a fuel and an oxidant stored out- 
side the cell in which the chemical reactions take place. 

The fuel cell comprises an anode, an electrolyte and a cathode. The fuel is oxidised 
at die anode, and the oxidant is reduced at the cathode. The reactions can be de- 
scribed as "cold combustion", giving water as combustion product. In between the 
anode/cathode is the electrolyte. 
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During the cold combustion in the fuel cell electrical work is produced correspond- 
ing to a change in free energy determined by the equation of Gibbs-Helmholtz (1) as 
follows: 



5 AG=AH-T*AS=U*n*F (1) 

AH being the change in enthalpy in J/mole when water is formed from its elements 
(corresponding to the amount of heat liberated at open combustion of hydrogen gas 
at constant pressure and temperature), T is the absolute temperature in K and AS the 
lO change in entropy in J/K*mole; U is the open voltage of the fuel cell n is the num- 
ber of electrons consumed at the reaction (n ■ 4 for each water molecule formed for 
a hydrogen/oxygen cell) and F is Faraday's constant (96 485 As/mole). 

The current density for fuel cell electrodes is limited by the reactants and normally 
IS reaches less than A/cm 2 . 

For practical reasons, fuel cell systems are simply distinguished by the type of elec- 
trolyte used and the following names and abbreviations are now frequently used in 
literature: alkaline fuel cells (AFC), phosphoric acid fuel cells (PAFC), solid/molten 
20 state cells (SSFC) such as: molten carbonate fuel cells (MCFC), solid oxide fuel 
cells (SOFC) and proton exchange membrane fuel cells (PEMFC). The fuel cells 
mentioned above will be described in more detail below. 

The alkaline fuel cell (AFC) is used for instance in the space and military industry, 
25 for instance in submarines. 

Solid/molten state cells (SSFC) of today are of three basic types, PEMFC (Polymer 
electrolyte), MCFC (Molten Carbon) and SOFC(Solid Oxide). 
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Efforts have been made to construct solid state fuel cells using carbonate melts 
(MCFCs), but they usually have low efficiency, 

PEMFCs use proton-exchange polymer membranes as electrolytes. The presence of 
water in the membranes limits the operational temperatures to below 100 °G This 
causes slow electrode kinetics and low tolerance of electrodes to fuel impurities 
such as carbon monoxide (CO). As a result, neither hydrocarbons, nor hydrogen 
from hydrocarbon reforming (inevitably with CO) can be used as fuels for the 
PEMFCs. A further development thereof is polymer membranes, which can resist 
higher temperatures, such as 200 °C 

MCFCs use molten alkali carbonates retained in a matrix as the electrolyte. Such a 
device requires an operation temperature of about 650 °C to maintain a molten state 
with sufficient ionic conductivity. Although some MCFCs have been on the market; 
there are still several technological issues critically hindering the commercialisation 
progress, mainly concerning serious material cStrosion problems. 

SOFCs usually use ceramic membranes (YSZ). limited by its ionic conductivity, 
the YSZs require an operational temperature of about 1000 °C t thereby resulting in 
considerable constrains on the materials used for interconnection, sealing and con- 
struction. However, as the electrolyte is solid-a mixture of yttria (Y 2 0 3 ) and zirco- 
nia (ZrO^problems with liquid handling and corrosion are avoided. Charge transfer 
in the electrolyte is done by oxygen ions (Q 2w ). Anodes made of nickel/zircomum 
oxide cermet were shown to be suitable; cathodes of lanftiamnn manganate 
(LaMnOj) have been used, but require still some additional research. 

Electrode reactions are summarised for the proton conducting case as follows: 

Anode reaction: H 2 (g) 2JC + 2e~ 

Cathode reaction: 2IT + 2e" + VS 0 2 (g) H 2 0 (g/1) :; ' 
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Overafl reaction: H 2 (g) + Q2 (g)-»H 2 OCg) 

As the cathodic reaction uses oxygen only (or air) as oxidant, recirculation of car- 
bon dioxide from the anode exhaust is not necessary, and thereby simplifies the 
system considerably. Carbon monoxide does not poison the electrodes and can also 
be used as a fuel. Difficulties in the development of SOFCs arise from the instabil- 
ity of the intercell connections, i. e. the contact areas between the cells, and the 
sealing due to a high temperature (1000 «C). Also thermal cycling is a problem. This 
limits the application of these systems. Research on medium-temperature solid ox- 
ide fuel cells has been performed, in which the cells are hydrogen-oxygen cells, the 
solid material is hydrogen-exchanged Mumina. The' operating temperature for this ; 
type of solid proton conductor is 150-200 °C. 

Interna! fuel reforaung is also possible. Sulphur is a big problem for all current fuel 
cell technologies, demanding an expensive gas treatment system, and also signifi- 
cantly decreasing the fuel cell system efficiency? Sulphate based electrolytes are 
chemically resistant to H 2 S and any sulphur containing gases, such as natural gas. 
The use of Li 2 S0 4 as an electrolyte has been tested. This is described in D. Peterson 
and J. Winnick, J. Electrochem. Soc, 143 (1996) L55. 

Catalysts have also been used to increase the output current of conventional fuel 
cells, which are batteries using galvanic cells powered by hydrogen and oxygen. 
Generally, such cells are fuelled by hydrogen gas derived from natural gas. There 
are also other techniques based on methanol, but they have not been successful. 

Yet a new type of fuel cell was discovered in 1991, using a catalyst which gave a 
complete combustion of sugar, thereby forming carbon dioxide and water at a low 
temperature of just under 100 *C (Larsson Ragnar and Folkesson Borje, Lund Uni- 
versity, Sweden.), the so-called "SuFuCell". This cell uses a bio fuel and saves 
global reserves of petroleum and natural gas. The carbon dioxide produced formed 
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in the cell is re-utilised in the photosynthesis to produce new sugar or starch. All 
kinds of carbon hydrates, such as starch, cellulose etc can be employed. 

Although the prior art fuel cells using sugar offer many of above possibilities there 
5 is still a demand for a cell with better performance, which is also less expensive. 

RuTTvmttTy of the disclosure 

An object of the present invention, so called intermediate temperature ceramic fuel 
cells (ITCFCs) 7 is to provide a fuel cell comprising a ceramic composite electrolyte, 
16 which fuel cell does not suffer from the drawbacks described above. J* 



According to another preferred embodiment of the invention the membrane 
20 (electrolyte) is oxygen ion conducting, for instance based on ceria based oxide 

composites, such as gadolinium doped ceria (CGO) and salt and possibly other in- 
organic compounds, to operate in ITSOFCs (300 to 800 °C) (Intermediate Tem- 
perature SOFCs). 

25 According to another preferred embodiment of the invention; the membrane 

(electrolyte) is proton conducting ceramic composites based on halide- and _hydro- 
aalide-based ceramics, to operate in ITCFCs (Intermediate Temperature CFCs). 
Composite is referred to as a mixture with at least two different separated phases. 



'VI., 



This is embodied in a ceramic membrane (CM) (electrolyte) and a ITCFC provided 1 ' 

with such a membrane, according to the invention, which membrane (electrolyte) is n ; g 

based on salt-oxide ceramic composites. 

— 1 t 

According to a preferred embodiment of the invention, the ceramic membrane 
(electrolyte) is dense and gas tight. 
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According to another preferred embodiment of the invention, there is provided a 
fuel cell, comprising 

a fuel chamber 
an anode, 
a cathode, 

an electrolyte disposed between the anode and cathode, 

an oxidant chamber, wherein said chambers and enclose said anode, cathode and 
electrolyte, 

wherein a fuel flowing from the fuel chamber, such as hydrogen is oxidised at the 
anode, thereby producing electrical energy, wherein said electrolyte is a ceramic 
composite electrolyte comprises at least one salt and at least one oxide. 

Id same extreme cases, the electrolyte can also have no oxide phase, being a two 
phase salt/inorganic compound, comprising at least one solid state phase, such as 
two fluoride phases, or one fluoride with one molten phase, MOH (M = Li, Na, K) 
etc. 

Preferably, the electrodes, i. e. the anode and cathode, are porous. 

The electrolyte can comprise up to 99 % salt and the salt can be in solid or molten 
state. Also in some cases, 100% salts with two phases, e.g., two fluorides 
(chlorides) or fluorides mixed with other pure salts, e.g., MH»(M = Li, Na, Ca etc., 
x = 1, 2) or MClx (M = U, Na, Ba, Sr etc., x - 1, 2) are possible. 

The salt (molten or solid state)-oxide composites (S0C) can be selected from all 
salts and oxides that can make the SOC material function as a specific conductor for 
particular ions such as H*, O 2 ", or of other ionic charge^ e.g., canonic LT, Na*, K\ 
or anionic, C0 3 2 \ CI* and F etc.), or a mixture thereof. Specific suitable salts and 
oxides can be such as various natural salts, NaCl etc., and oxides such as A1 2 0 3 etc., 
and synthesised compounds having similar properties. 
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Specific examples of SOCs comprise for instance: i) chlorite salts and composites 
which can have good CI" conduction. Therefore, the fuel cell according to the in- 
vention can also be used for treating industrial waste chlorine gas. ii) £Luo~ 
ride/hydrofluoride-based alumina composites can have excellent proton conduction. 
5 iii) Also in some cases, pure salt systems* e.g., two fluorides (chlorides) or fluorides 
mixed with other pure salts, e,g. f MH»(M - Li, Na, Ca etc, x = 1. 2) or MCIx (M « 
Li, Na, Ba, Sr etc., x = 1, 2) for proton conduction. 

In some extreme cases, the electrolyte can comprise salt, say, two fluoride phases to 
10 100%. 

The oxide can he almost any suitable oxide, such as alumina, causing significant 
electronic and ion conduction. It is important that the material in the electrolyte is 
highly ion conducting. 



The fiiel employed can for instance be H 2 or twon gas. 



TBe intermediate temperature (300 - 800°C) allows use of cheap metals as electrode 
and interconnecting materials, which avoids high temperature (1000 °C) material 
20 and technical problems and also reduces the cost. 

Furthermore, the fuel cell according to the invention can operate as a ceramic mem- 
brane electrochemical reactor. Fabrication techniques developed for inorganic 
membranes such as extrusion, tape casting and doctor-blade for porous ceramic 
25 support, tape casting, sol-gel/suspensioh, CVD techniques for both porous elec- 
trodes and dense electrolyte membranes, can also be readily employed in the fabri- 
cation. 



30 



For constructing high voltage devices, all current high performance oxide electrodes 
such as various binary oxides, AxByO* ( A, B - Li, Mg, Ca , Sr, Cr, Fe 4 Co, Ni, Cu, 
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Y t La, Ce, Zr, Ti, etc.), e.g., Cel-xBxO r y, MN0 2 and Lal-xSrxMnOj, and salt* 
oxide ceramic composite electrodes can be employed. 

Since the device, in some cases, has the character of a combination of different gal- 
vanic cells, e.g., fuel cells and battery, a higher voltage than that of fuel cells can be 
achieved. 

The device according to the present invention is as an ideal source for high power 
generation: One reason is because the materials comprised in the device are avail- 
able in large amounts and highly cost effective. In addition* there is no need for ex- 
pensive catalysts as in conventional low temperature fuel cells, i. e, ? operating be- 
low 200 °C. The device according to the invention can. function at intermediate 
temperatures, say, 300 to 800°C. 

The results obtained from the fluoride-based ceramic composite electrolyte fuel 
cells show a short circuit current density close To 1000 mA/cm 2 and peak power of 
180 mW/cm 2 , which is below 300 mA/cm 5 (0.6 V), at 750 °C, see Fig. L However, 
there is a large potential for further development, since the results are obtained for 
bulk and raw disk-type electrolytes only. It can be expected that performance will 
be significantly improved by a person skilled in the art, by using this technology. 
The key issue is to optimise electrolyte by employing ceramic membrane technolo- 
gies, and develop more efficient and compatible electrodes for the new CFCs, which 
are also claimed. 

Brief description of the drawings 

The present invention will now be described in more detail with reference to pre- 
ferred embodiments of die invention, given only by way of example, and illustrated 
in the accompanying drawings, in which: 



Fig. 1 illustrates a fuel cell according to the invention; 
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Fig, 2 illustrates time dependence of an open circuit voltage (OCV) at 450 °C ac- 
cording to one embodiment of the invention; 

Fig* 3 illustrates temperature dependence of the OCV according to one embodiment 
5 of die invention; 

Fig. 4 illustrates a typical current-voltage (I-V) characteristic of a fuel cell device 
using commercial NaCl salt as one of the main components of the electrolyte. 

10 Fig* 5 illustrates a typical I* V characteristic of a fuel cell device using the hydro- 
fluoride-based composite electrolyte. 

Fig. 6 illustrates discharge curves for the fuel cell illustrated in Fig. 5 during opera- 
tion with various current outputs. 



Detailed descriptton_of the preferred embodimghts 

Referring to Fig. 1, the fuel cell 1 according to invention essentially consists of two 
porous electrodes 2 separated by a dense, proton (or oxygen) conducting salt-oxide 
(or composite) electrolyte 3, where anode 2a and cathode electrodes 2b can be made 
20 of e.g., spinel or peroveskite oxides, and the fuel and oxidant chambers 4 sur- 
rounding said electrodes 2 can be made of a metal, such as stainless steel. 

The fuel circulates in the fuel chamber and part of the fuel is oxidised at the anode. 



At the same time air is oxjdfsed at the cathode. 



Because of the electrochemical cell reaction: Ha+1/2 0 2 - H2O at the cathode side, 
the formation of the cell reaction product, HjO can be exhausted together with the 
air (oxygen), so that the fuel can be re-cycled without requiring water elimination. 
Thus, it is easy to simplify the device, reduce the fuel cost and also increase the ef- 
30 ficiency of the fuel-energy conversion. 
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The free energy change of the combustion of the device in Fig. 1 corresponds to an 
open cell voltage (OCV) of 1.23 V at ambient temperature (25 °C). For high tem- 
peratures, this OCV value follows a linear decreasing curve, between 1.0 to 1.2 V . 
The device can reach a voltage of up to 1.8 V, which is only achieved for limited 
5 electrode pair materials. Such a high cell voltage is assumed to be caused by a com- 
bination of battery and fuel cell effects. 

Current Output and Operating Efficiency 

In Fig. 5. A current output of 300 mA/cra 2 at a cell voltage 6.6 V at 740 •C, corre- 
10 sponded to a power of 180 mW/cro 2 . The cell voltage operating electricity effi- 
ciency is 0.6/1.2 - 50%. This efficiency can be further increased by the electrolyte 
conductivity and compatible electrode materials. Most power loss during operation 
is recognised due to the interfacial loss, since the oxide electrodes arc not excel- 
lently compatible with the salt electrolytes. 

15 

Voltage *~ 

Voltages depended on both electrolytes and electrodes. An example of the unusual 
nigh voltage device is constructed as: 

20 Doped NiOx /salt-oxide ceramic composites/LaSrCoFeO. 

Materials 

Composites of salts, specially, chlorides, fluorides arid hydro-type-halides contain- 
ing MH„ etc., and oxides have been successfully synthesised for electrolyte materi- 
25 als, and some of them used also as electrode materials, for intermediate temperature, 
say 300 to 800°C, fuel cell (ITFC) devices. The materials can use natural resources 
and synthesising technique has a great flexibility in selection of materials, and ad- 
vantages of easy preparation, large scale products available and high cost effective. 



30 
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It is possible to use synthesised salt-alumina composite containing min. 99.9% salt 
e.g., NaCl as main components to prepare proton conducting salt-oxide composite 
ceramics. A fuel cell device using MC1 X - based composite electrolyte has achieved 
1.0 to 1.4 V cell voltage between 350 to 700°C, and several hundreds of mA/cm 2 
can be drawn from this fuel cell. 

Due to an excellent chemical stability of sulphate-based electrolytes with U 2 S, the 
fuel cell can use H 2 S as fuel, which may work as a desulphonication device for sul- 
phur recovery and treatment of hazardous gases. The device can be continuously 
operated with stable current output. During the operation, sulphur and water were 
collected from the anode and cathode* respectively, indicating success in H 2 S re- 
moval and electricity generation. Thus, it is possible to use natural gas, coal and 
other sulphur containing gas as fuels without a high extra cost compared to a tradi- 
tional clean-up station, due to the extra electricity production* 

CFCs using the fluoride based electrolytes havfftnay use various liquid fuels for op- 
eration. The direct use of logistic fuels such as ethanol or kerosene will simplify the 
introduction of the fuel cell technology into the commercial market It is possible to 
use ethanol or even gasoline as fuel. 

The ITCFCs show unique advantages for operating liquid fuels due to high proton 
conduction and fast electrode kinetics in the intermediate temperature region, with- 
out use of noble catalysts. A direct ethanol CFC device has been operated up to 200 
mAcni 2 at 700 °C. 

Some more examples are merely intended to illustrate the invention, and are not 
limiting. 



Examples 
Unusual examples 
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Example 1 

In ambient atmosphere, the device according to the invention, illustrated in Fig. 1 

showed an OCV between 0,4 to 0,6 V, for both electrodes, whereby the current that 

could be drawn out rapidly decreased. As long as hydrogen was supplied to the an- 
5 ode of doped NiOx, and air to the cathode of LaSrCoFeO, the OCV suddenly 

jumped to about 1.0 V, and increased with time gradually to about 1.5 to 1.8 V. 

When me hydrogen supply was removed, the OCV first dropped steeply then de- 
' , creased gradually with time, These observations are schematically shown in Fig. 2. 

Further tests were done by exchanging the electrode sides, i.e., the hydrogen was 
1-0 supplied to the LaSrCoFeO electrode, and air to the doped NiOx electrode, whereby 

the device showed an OCV close to the former OCV value but with negative sign. 

Fig. 3 shows two curves for devices according to the invention using different salt 
electrolytes. Several tens to hundred of mA/cm 2 can be taken out from the devices. 
15 A typical current density-voltage curve (I-V curve) is shown in Fig. 4. 

<•* 

Example 2 fnon electrode construction) 

When using only electrolyte GdxCe 1-x pellet to achieve fuel cell devices without 
electrodes, an OCV of such a "non-electrode construction" fuel cell device is 0.96 

20 V, i. e., about 0.2 V higher than conventional constructions with electrode using the 
same electrolyte. Only about 2 mA/cm 2 can be taken out from this device. The 
function is based on the fact of the ionic conducting bulk material, GdxCel-x as the 
electrolyte, on each of its surface, whereby the significant electronic and ionic con- 
duction can be caused when reacting with the gas and function as anode and cath- 

25 ode, respectively. It is discovered that the performance of this device was recog- 
nised to be limited by the air surface, because in the air (or oxygen) the GdxCe 1-x 
dose not create enough electronic conduction, resulting in that an improved con- 
struction was made using only one electrode, of e.g., Pt or Ag (paste) for the cath- 
ode, ie„ 

30 (H 2 )GdxCel-x/PtorAg(air) 
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In this device, the current can be increased by almost one order of magnitude. The 
further improvement can be done regarding the ion-doping technique to prepare suf- 
ficient electronic conducting ceria-based materials. It can be seen clearly from tins 
fuel cell device without using electrode materials, that the SOFC technology will be 
5 greatly simplified and more cost effective. Using doped Bi 2 0 3 -based oxides instead 
of doped ceria-based oxide electrolytes will improve cell performance to a large 
extent. 

Example 3 (practical devices) 

10 Fuel cells using the fluoride and hydrofluoiide-based composite electrolytes ( pro- 
ton conducting type) and ceria-salt (halides) composite electrolytes are typical ex- 
amples for practical ITCFC devices, one example is shown in Fig. 5. All these new 
type ITCFCs have demonstrated a performance well reach the present commercial- 
ising standards. In addition, ITCFCs using the sulphate-based electrolytes as the * 

15 high sulphur tolerant device can treat high sulphur containing fuels, e.g., natural gas 
or by-products from the refining petroleum prdeess, and at the same time to produce 
the electricity. This sulphur tolerant CFC device can be expected as the gas-ore- 
treatment station combined with MCFC power plant to invent a new power genera- 
tion technology. 



It will be appreciated by those skilled in the art mat the examples mentioned above 
are primarily for the purpose of illustration and are not meant to imply any limita- 
tion of the present invention. 



